Abstract DUNE (Deep Underground Neutrino Experiment) is a proposed long-baseline neutrino experiment in the US with a baseline of 1300 km from Fermi National Accelerator Laboratory (Fermilab) to Sanford Underground Research Facility, which will house a 40 kt Liquid Argon Time Projection Chamber (LArTPC) as the far detector. The experiment will also have a fine grained near detector for accurately measuring the initial fluxes. We show that the energy range of the fluxes and baseline of the DUNE near detector is conducive for observing ν µ → ν e oscillations of ∆m 2 ∼ eV 2 scale sterile neutrinos, and hence can be effectively used for testing to very high accuracy the reported oscillation signal seen by the LSND and MiniBooNE experiments. We study the sensitivity of the DUNE near detector to sterile neutrino oscillations by varying the baseline, detector fiducial mass and systematic uncertainties. We find that the detector mass and baseline of the currently proposed near detector at DUNE will be able to test the entire LSND parameter region with good precision. The dependence of sensitivity on baseline and detector mass is seen to give interesting results, while dependence on systematic uncertainties is seen to be small.
I. INTRODUCTION
The existence of neutrino oscillation phenomenon is now well established. In the three-generation paradigm there are six independent parameters, the three mixing angles (θ 12 , θ 13 , θ 23 ), two independent mass squared differences (∆m 2 21 , ∆m 2 31 ) and one CP violating phase (δ CP ). The first evidence of neutrino oscillations came from the deficit of observed ν e solar neutrinos over that predicted by the standard solar model [1] [2] [3] [4] [5] [6] . This was later independently confirmed by the KamLAND reactor antineutrino experiment [7] . The combined constraints from the solar and KamLAND data give ∆m 2 21 ≃ 7.5 × 10 −5 eV 2 and sin 2 θ 12 ≃ 0.3 [8, 9] . The atmospheric neutrino experiments [10] [11] [12] have observed oscillations of ν µ andν µ [13] [14] [15] , which have been confirmed by the accelerator-based experiments K2K [16] , MINOS [14] , T2K [17] and NOνA [18] . Together these set of experiments are consistent with neutrino oscillations with mass squared difference |∆m while the best-fit value of sin 2 θ 23 is still not firmly determined and changes octant depending on what sign one assumes for ∆m 2 31 [9] . The last mixing angle θ 13 is now measured to be sin 2 θ 13 = 0.02 mainly from the reactor data [19] [20] [21] , which is confirmed by the accelerator experiments [17, 22] . Finally, there are some tantalising hints for the CP phase to be close to -90
• [8, 9, 17, 22] . But definitely data from future experiments such are DUNE would be required to make any definitive statement on this issue, as well as on the issues of sign of ∆m 2 31 and the octant of θ 23 . In addition to the well established oscillations observed in the solar and atmospheric sectors discussed above, signal for neutrino flavor conversion was also reported by the LSND experiment at Los Alamos National Laboratory [23] , which observed a 3.8σ excess ofν e events consistent withν µ →ν e neutrino oscillations driven by ∆m 2 ∼ O (eV 2 ). Since oscillations at these frequencies are completely incompatible with those in the solar and atmospheric sectors (whose preferred ∆m 2 are given in the previous paragraph), we need existence of one or more additional neutrino states. Since the number of light neutrinos are constrained to be 3 from the Z invisible decay width measured at LEP [24] , this implies that the additional neutrino must be sterile. The possible neutrino mass spectra consistent with global data is the so-called 3+1 scenario [25] with one additional sterile neutrino, and 3+2 [26] and 1+3+1 [27] with two sterile neutrinos. The LSND signal was tested at the KARMEN experiment [28] and then at the MiniBooNE experiment [29] [30] [31] . While KARMEN did not observe any oscillation signal, it failed to rule out the entire LSND allowed parameter region.
The MiniBooNE experiment, in its neutrino run, did not observe electron excess in the L/E region where LSND observed an excess. However, they did report an excess of electron events consistent with LSND in their antineutrino channel. In both their neutrino and antineutrino runs, MiniBooNE also saw an excess in the low energy part of the spectrum, which is unlikely to have come from neutrino oscillations. The global fits of these short baseline appearance experiments leave a reasonably large allowed area in the ∆m 2 −sin 2 2θ µe plane, where ∆m 2 is the active-sterile mass splitting and sin 2 2θ µe is the effective active-sterile mixing angle.The major challenge to the sterile neutrino oscillations scenario comes from the short baseline (SBL) ν µ disappearance experiments such as CDHS [32] , MINOS [33] , Super-Kamiokande atmospheric [34] and MiniBooNE (disappearance search) [35] , none of which observed any deficit of ν µ andν µ at all. Therefore global analysis show strong tension between various data sets, allowing the 3+1 case at the 3.7% C.L. only [36] [37] [38] . Addition of the second sterile neutrino brings an improvement in the goodness-of-fit (19% [36] ), but the tension remains. Hence, more experimental inputs are needed in order to say something conclusively.
Oscillations involving sterile neutrinos have also been proposed as possible explanation of the so-called reactor [39] [40] [41] and Gallium [42] [43] [44] [45] anomalies, whereν e and ν e disappearance, respectively, have been seen at short baselines. These anomalies also demand a ∆m 2 ∼ O (eV 2 ), but since they observe disappearance of the first generation of neutrinos, the effective active-sterile mixing angle involved in this case is sin 2 2θ ee [46, 47] . While a large number of dedicated experiments are being planned to test these hints of oscillations at such short baselines, in this work we focus on how effectively the DUNE near detector can be used to constrain the active-sterile mass and mixing parameters. [52] [53] [54] [55] , sterile neutrinos [56] [57] [58] and large extra dimensions [59] . The possibility of constraining active-sterile mixing with the DUNE far detector was considered in [54] . Effect of active-sterile mixing on long-baseline neutrino oscillation experiments have been considered before for MINOS, T2K and NOνA [60] [61] [62] .
Authors of [63] studied the possibility of testing the LSND parameters space at the near detector of the proposed ESS experiment in Sweden. Here we probe the possibility of confirming or ruling out the LSND parameter space using the DUNE near detector. We check the impact of the baseline, detector fiducial mass and systematic uncertainties on the sensitivity of the DUNE near detector to sterile neutrino oscillations.
The rest of the paper is organised as follows. In section 2 we outline our simulation details. Section 3 gives the main results on this paper. We end with conclusions in section 4.
II. THE EXPERIMENTAL SET-UP
DUNE [48] [49] [50] [51] is an international project, proposed to be built in the US. There is a proposal to also build a high resolution near detector. While the details of the near detector is still under discussion, it is currently proposed to have a fiducial mass of 5-8 t 1 , is expected to be placed at a baseline of 595 m [51, 64] and is designed to measure the initial flux with very high precision. This will help in constraining the systematic uncertainties in the oscillation studies. If there is/are no extra neutrino(s), the near detector will see almost no oscillations as the baseline is very small. However, in presence of extra neutrino states with non-zero mixing, the ν µ → ν e oscillation probability at short distance will be
Since the near detector will be placed at a baseline of this order, we expect the DUNE near detector to observe full oscillations of the sterile neutrinos, if indeed the LSND claim is correct. We next give the simulation details used for generating the results in this work. We have used GLoBES (Global Long Baseline Experiment Simulator) [65, 66] [64] . The benchmark near detector configuration in our analysis is summarised in the Table I . The energy resolution, detector mass and baseline are taken from the near detector specifications given in the DUNE near detector document [64] . In addition to the benchmark choices for these parameters given in [64] , we use two other choices of baseline and detector mass to show the impact of these on the sensitivity of the experiment. For detector mass, we also show results for 400 t and 1 kt. The mass of 400 t is motivated by the ProtoDUNE proposal, which is expected to have 400 t of LArTPC [67] and could at some point be placed along the LBNF beam-line. The 1 kt mass is just an ad-hoc choice of a very large fiducial mass to show that the experiment reaches its statistical saturation already at 400 t and the LSND sensitivity becomes insensitive to any further increase in statistics. For baseline, we also show results for 1 km and 3 km. For the systematic uncertainties, since the possible near detector systematics are not yet clear, we assume the same as that given for the DUNE far detector [68] . We vary this benchmark systematic uncertainties to showcase their impact of the mass and mixing sensitivity.
We use the DUNE flux provided by [69] for this work. A beam power of 1.2 MW and an exposure of 5 years in ν µ and 5 years inν µ mode is used in our analysis. We use the GLoBES package [65, 66] for simulating the DUNE experiment. The neutrino oscillation probabilities in the presence of sterile neutrino are calculated using snu, which is a neutrino oscillation code for calculating oscillation probabilities for GLoBES in the presence of sterile neutrino [70, 71] .
III. RESULTS
As at short baselines, the oscillations due to ∆m do not develop, at such distance we can approximate the oscillation probability by an effective two generation framework, which can be written as
where θ µe is the effective mixing angle and ∆m 2 is the new mass squared difference. Throughout this article we work in this approximation and study everything in terms of electron appearance data only.
The Fig. 1 shows the probability of ν µ going to ν e as a function of energy at the 595 m baseline, in presence of one extra sterile neutrino. The red solid curve depicts probability for θ µe = 10
• and ∆m 2 = 0.42 eV 2 . The blue solid, green dot-dashed and magenta dashed curves are for θ µe = 5
• and ∆m 2 = 0.42 eV 2 , 1.0 eV 2 and 10.0 eV 2 , respectively. We see that for higher mixing angles the amplitude of the oscillation increases, and for higher masssquared differences the oscillations become faster. In all of the cases depicted in Fig. 1, we can see substantial oscillations between ν µ and ν e in presence of sterile neutrino. The DUNE beam has huge flux in this energy window. Therefore, DUNE near detector should be highly sensitive in this region of the parameter space. changes the number of events significantly for the appearance channel. Note that the high flux at the near detector magnifies the effects of any oscillation at this small baseline.
We next define a χ 2 as [68] ,
where n i is the number of events, i is the bin index, f represents the nuisance parameters, and ′ true ′ and ′ test ′ represent data and fit respectively. The systematic uncertainties and backgrounds assumed in the simulations are given in Table I . Using Eq. (2) we present exclusion plots in the ∆m 2 − sin 2 2θ µe plane. In order to do that we take no sterile neutrino in data and scan the ∆m 2 − sin 2 2θ µe parameter space in the fit. The following plots depict how much region of the LSND parameter space can be excluded by the DUNE near detector.
In our fit we consider only the appearance data.
The plots in Fig. 3 are exclusion curves for different near detector configurations. The simulation is done for 5+5 years of ν µ ,ν µ beam at 1.2 MW. The solid and dashed lines give the 3σ and 4σ exclusion limits respectively. The yellow shaded area shows the 90% C.L.
allowed region from LSND [23] . The left panel shows how exclusion limit changes as we go to higher baselines, for a fixed detector mass of 5 t. We have kept the other detector parameters same as described in Table I . We can see that the DUNE near detector is able to almost rule out the LSND results [23] for all the baseline options. However, we notice that the curve showing exclusion limit changes shape as we change the baseline. We see that as we move to longer baselines, the sensitivity to lower mixing angle is reduced while sensitivity to mass-squared difference at higher mixing angle is increased. The main reason is that the statistics at the higher baselines are 1/L 2 suppressed, leading to loss of sensitivity for lower mixing angles for which the oscillation probability is proportionally suppressed. However, longer baselines allow for oscillations of lower ∆m 2 better, leading for better sensitivity for these parameter regions. The shorter baseline on the other hand has higher statistics due to lower L, allowing it to measure lower mixing angles better, however, the oscillations for lower ∆m 2 do not develop and the corresponding sensitivity drops.
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The right panel of Fig. 3 gives the variation of the exclusion limits as we vary the fiducial mass. We have kept the baseline fixed at 595 m for all cases in this panel. Results for the three benchmark masses of 5 t, 400 t and 1 kt are shown. The 5 t is chosen for it is given 2 The decay pipe of the DUNE beam has a length of about 210 m. This could bring an uncertainty in the distance of flight of the neutrinos which might have a bearing on the oscillation signal at the near detector. We have explicitly checked that the impact of this uncertainty is not very significant. We stress that the sensitivity plots shown in this paper are for illustration only. in the DUNE near detector proposal [64] , 400 t is chosen because it is going to be the mass of the ProtoDUNE detector [67] and 1 kt is just another benchmark point. We can see that the 400 t configuration can comfortably rule out the LSND result. The 5 t detector can also almost rule out the LSND allowed region with about 3σ C.L.. The figure also shows that fiducial mass has reached its plateau at 400 t, such that any further increase in detector mass and/or exposure does not change the sensitivity by any significant amount. So 400 t
t Mass
LArTPC ProtoDUNE placed at a baseline of about 595 m can be a good choice for the near detector for testing LSND. We have checked that the detector energy resolution does not bring any significant change to our final results.
In Fig. 4 we have shown the effect of systematic uncertainties on the sensitivity of the near detector to the LSND region. We have considered one optimal (2%) and one conservative (10%) energy calibration error as systematic error in the left panel. In the right panel we have considered 1% and 15% flux normalisation error of signal. We can see from this figure that the systematic uncertainties have very small effect on the sensitivity.
In Fig. 5 we study the sensitivity of DUNE near detectors separately in the neutrino and the antineutrino modes. Both LSND [23] and MiniBooNE [29] [30] [31] have reported electron excess compatible with oscillations only in the antineutrino channel. Since DUNE will be running for 5 years in the neutrino and 5 years in the antineutrino mode, we can probe sterile neutrino oscillations separately in the two data sets. The results of our study has been shown in Fig. 5 . The left (right) panel shows the result for running DUNE for 5 years in the neutrino (antineutrino) mode. In both cases we show the sensitivity curves for the 5 t and 400 t detector mass cases. One can see that the neutrino mode can better exclude the parameter space for both 5 t as well as 400 t options, but the anti-neutrino mode also performs well and can test the LSND region.
There are quite a few experimental proposals that plan to test the LSND signal before DUNE near detector becomes operational. If any of these experiments manage to see a signal compatible with sterile neutrino oscillations, then it is pertinent to ask how well the DUNE near detector could measure the ∆m 2 and sin 2 2θ µe . To that end we perform a study of the projected reach of the DUNE near detector by generating the data at one benchmark point in the ∆m 2 − sin 2 2θ µe plane. This data is then fitted and the results shown in Fig. 6 .
The black star shows the benchmark point chosen. The blue contour shows the bound at 3σ C.L. and the green contour shows the 4σ C.L. We see that the sensitivity is very good at the 3σ and 4σ confidence levels and DUNE near detector can tightly constrain the parameter space.
IV. SUMMARY & CONCLUSION
In this letter we have discussed the reach of the DUNE near detector in constraining the LSND parameter space. Since the oscillations due to ∆m are irrelevant at such short baselines, we presented our results in the effective two-generation ∆m 2 − sin 2 2θ µe parameter space. We showed that for the DUNE near detector baseline of 595 m, the entire LSND allowed region can be probed well above the 4σ C.L.. Since the near detector configuration is not yet completely final, we studied the sensitivity of the experiment to test the LSND region as a function of the detector mass, the detector baseline as well as the detector systematics. We concluded that the 595 m baseline is most optimal for this study and a mass of 400 t, as proposed for the ProtoDUNE detector, would give very sensitive results though even the proposed HiResMnu with 5 t mass can almost rule out the LSND parameters space. We also showed that the detector systematic uncertainties do not bring any significant difference to the sensitivity of the near detector to short baseline neutrino oscillations.
In conclusion, while the main physics goal of the DUNE experimental proposal is the measurement of CP phase δ CP , we showed in this paper that very good sensitivity to the LSND parameter space comes as a bonus from the data at the near detector of this exper- Low Energy Neutrino Factory [78, 79] ). All of these experiments are expected to test the entire allowed LSND region within a relatively short time-frame. In this letter we looked at the expected sensitivity of the DUNE experiment to the LSND parameter space. A comparison of the DUNE sensitivity to those expected from the dedicated experiments proposed to test LSND reveals that for the 400 t detector mass case (protoDUNE mass), the expected sensitivity of DUNE is comparable, if not better, than some of these proposals. Even for the 5 t mass case, the sensitivity is rather good. If any of the future experiments (mentioned in [72] [73] [74] [75] [76] [77] [78] ) is able to find sterile neutrino oscillations, we showed that the DUNE near detector is a nice option to constrain the parameter space further. Therefore, the DUNE experiment provides an independent probe of the LSND anomaly at no extra cost since the experiment, including the near detector, will be built (if funded) for a different and very important physics reason, the study of CP violation in the lepton sector.
